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ABSTRACT 

The masses and electromagnetic decays of the pseudoscalar 

and vector mesons are discussed for various six quark models with 

emphasis on the SU(4) six quark model. The phenomenological similar- 

ities and differences are pointed out that allow the models to be distin- 

guished experimentally. 
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I. INTRODUCTION 

Recentiy there have been a number of experimental indications 

that there might be some new kind of quantum number. 1 
One attractive 

possibility is a single new flavor, 2 charm. in which case the hadron 

symmetry group is extended from SU(3) to SU(4). In terms of quarks 

the standard SU(4) model3 involves four quarks p, n, h, p’ (or u, d, s, 

c) belonging to the fundamental four-dimensional representation 

(1, 0, 0) of SU(4). 

There is, however, an alternative possible SU(4) charm model 4,5 

which involves six quarks p, n, A, x, y. z belonging to the fundamental 

six-dimensional representation (0, 1, 0) of SU(4). In this six quark 

model bosons and fermions will belong to the class 0 and class 2 repre- 

sentations of SU(4), respectively; the class 1 and class 3 representations, 

e. g. , 4, 4, . . . , are not used at all. The underlying symmetry group is 

actually SU(4)/2(2) which is isomorphic to O(6). Here we examine some 

of the consequences of this possible model and point out some experimental 

tests. 

Various other six quark models have been discussed in the literature, 
6-1 

each having certain attractive aspects and most sharing some common 

features. In the following discussion, some comparisons between these 

models and the SU(4) six quark model will be made, assuming that all 

of the new quark composites lie at currently accessible energies. That is,. 
> 

we identify the new vector mesons J/$ : +, $I’ and $” with quark-antiquark 

3 
S1 ground states of the new quarks in contrast to the standard model where in’ 
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and II” are radial excitations. 
13 

We will not consider the possibility 

here that any of the new quarks are so massive as to be of no practical 

importance at present energies. 

The most significant experimental tests which distinguish between 

the various six quark models, as well as the standard four quark model, 

are the different SU(3) multiplet structures of the new particles composed 

of the charmed quarks. These multiplet predictions are clear and can 

serve to rule out any of the models. Although the mass spectra and radiative 

decay widths in each of the models are qualitatively different. they provide 

only experimental restrictions on the models since clear quantitative 

distinctions are blurred by mixing arising from symmetry breaking. We 

therefore will present in detail these features only for the SU(4) six quark 

models. 

We begin the discussion with the quark coniposition of the pseudo- 

scalar and vector meson states including the mixing arising from SU(31 

and higher symmetry breaking. The lepton pair decay rates of the 

vector mesons p, o , 4, j, , $J’ and $” are then calculated and found to be 

in good agreement with the data. Nine mass formulas are obtained, 

three of which agree with the existtig data, while the remaining six 

predict the masses of the as yet undiscovered charmed vector mesons. 

Next we discuss the quark composition of the pseudoscalar mesons and 

the mixing of the four isoscalars n,tl’.qc and n; which turns out to be 

:_ 
somewhat more complex than the corresponding mixing of the four 

isoscalarvectormesons W, 4, jl, and v’. The radiative decays 

p+,,+,,, \r-pt., ?“d D-II-L., ?,.D rnncirlorori .,mn~-ci-inn +b--ir 
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importance for determining the various mixing angles. The quark- 

antiquark orbital excitations, particularly the P-states, are discussed, 

and we remark on possible radial excitations. 

II. QUARK COMPOSITION AND MIXING IN %(4)/Z(2) MODELS 

Since the group SU(4) contains two invariant subgroups, Z(2) 

and Z(4), it is possible to formulate hadron symmetries4 based on 

SU(4)/Z(Z) or SU(4)/Z(4) as well as the full group SU(4). For the 

hadron symmetry group SU(4)/Z(2), which is isomorphic to O(6), there 

are six quarks (p.n. A, x, y, z) belonging to the fundamental six dimen- 

sional representation (0, 1,0) just as the four quarks p,n, X and p’ 

belong to the four-dimensional representation (I, 0,O) in the standard 

model; 
3 

however, only one new quantum number, charm, is introduced 

unlike other six quark models 
6-12 based on SU(6) which requires three 

new quantum numbers. 

Under SU(3) x U(1) the 6 quarks decompose into a 3 (p,n, X) 

and a 3 (x, y, z) which differ by one unit of charm as shown in Fig. 1. 

The usual Gell-Mann-Zweig quarks ‘4 (P .n, A) are assigned charm 

C = 0 while the new, presumably much heavier, quarks (x, y. z) are 

assigned C = -1. 

The 36 mesons composed of quark-antiquark pairs belong to the 

SU(4) representations 

6x6=1+15+20, (2. ii 
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or in terms of their SU(3) X C(1) decompositions 

(;Jx (r, = (I) + (+) + (;). (2.2) 

The 9 charmed C = +1 mesons are composed of the light quarks (p, n, X) 

- -- and the heavy antiquarks (z,y,x) and, of course, the 9 C = -1 mesons 

are composed of x,%,p and x,y, Z, The uncharmed 18 C = 0 states 

consist of linear combinations of light quark pairs and heavy quark pairs. 

Since the SU(4)/Z(Z) symmetry is badly broken, worse than SU(3), 

in addition to large mass splittings one expects a great deal of mixing 

among SU(4) states in analogy to singlet-octet mixing in SU(3). Among 

the 36 mesons there are 4 isoscalars whose mixing in general is 

described by 6 real parameters. For purposes of illustration, it will 

be sufficient to represent the mixing by a restricted form involving only 

3 angles. We shall assume the SU(3) singlets in the SU(4) multiplets 

1 and f5 mix with an angle cl, while the SU(3) octets 15 and 20 mix 

with an angle oS. At the SU(3) level, the mixing between the singlet 

and octet,’ which are primarily composed of-light quarks, will be described 

by an angle 6 while the heavy quark singlet and octet are mixed by 0. 

For the vector mesons, we shall assume that the SU(4) mixing 

is ideal in that the light mesons (p,o , 4) consist entirely of light quarks 

in agreement with the familiar SU(3) model, while the heavy mesons 
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(4~) $J’, $‘I) are composed entirely of heavy quarks. Ideal mixing implies 

V 
that c1 = $l= v/4 as will be seen in Sec. III. 

For the pseudoscalar mesons, a certain amount of non-ideal 

mixing will be required to account for the 71, TJ, 0’ mass spectrum. For 

this purpose, we shall take c+$ P 
8 

= rr/4 but choose 4: f n/4 as discussed 

below in Sec. IV. 

Explicitly, the quark composition of the uncharmed SU(4) meson 

states / D4, D3, D2>, which have I3 = 0 and belong to the SU(4). SU(3) 

and SU(2) representations with dimensions D4, D3 and D 
2’ 

respectively, 

are the following: 

il,l,l> 

J15,1,1> 

jl5,8, I> 

[20,8,12 

115,8,3> 

/20,8,3> 

= q+ (Pi; + nii t E+xx+yy+zz) 

+ c-p?- nii- hx+xX+y3;izZ) 

=& (Pfi + n7i-2G-xxx-y~+ZzZ) 

= & (PP + nIi-2X+xxx+y~-zzz) 

(2.3a) 

(2.3b) 

(2.3c) 

(2.3d) 

1 
2 

(pF- nn+xY- y3i) 

_ 1 
2 (-pF+ nii+xx-yy). 

(2.3e) 

(2.31) 
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III. VECTOR MESON MASSES AND LEPTON PAIR WIDTHS 

We shall assume the SU(4) mixing of the vector mesons is ideal 

in which case p,w, and Q are composed only of the Gell-Mann-Zweig 

quarks 
14 

p,n, X while +, +’ and $” are composed only of the charmed 

quarks x, y, z. However, we allow for an arbitrary mixing between the 

light singlet and octet described by the w - 4 mixing angle 0. In 

addition there is an independent + - $’ angle 0 describing the mixing 

between the heavy singlet and octet. The wave function of the neutral 

C = 0 vector mesons can then be written in terms of the SU(4) states 

ID4, D3, D2> given above as follows: 

bO>= ll15,8,3>-120,8,3>]/~ (3.la) 

Iw> = cos 8[11.1,1>-(15,l,l>]/~+ sine[)~5,8,1>-i20,8,1>]/~ (3.lb) 

I’+> = c0.s e[jl,1,1>+(15,l,l>]/lrZ+ Sin0[115,8,i>+/20,8,1>]/~ (3.ld) 

I+“‘= I/i5,8,3>+/20,8,3>]/~ . (3.lf) 
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The vector meson lepton pair partial widths provide an important 

test of any six quark model. 15 
We consider two possible choices of 

electric charges for the six quarks: 

(A) Q, = 2/3; Qn = Qx= Q = Q = -i/3; Q = -413 
x z Y 

(3.2a) 

and 

(B) Q, = Qx = Qz = 213; Qn = Qx= Q =-113 . 
Y 

(3.2b) 

Possibility (A) arises in the six quark gauge model of weak and electro- 

magnetic interactions we have previously proposed5 and (B) has first 

been discussed by Harari. ’ For these charges the ratio 

R = u(e+e- - hadrons )/ (J (e+e- - p+p-) is 8 for model (A) and 5 for model (B). 

While model (B) agrees better with data on R at present energies, we shall 

see below that the lepton pair widths of the vector mesons which result 

from this charge assignment are in very significant disagreement with 

the experimentally known widths. On the other hand, unless R increases 

at higher energy and approaches 8 asymptotically, model (A) is untenable 

also. 

In model (A) the electromagnetic current can be expressed in terms 

of quarks or SU(4) currents as follows, 

Jp = $ (2fiyp p -ii’yVn - xypX - Zypz - Xypx - 47~~~) 

3 1 .8 
=vP+2j?. >i-r 

- J-g v’,’ - 4; v”, , (3.34 
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Jl = $ (2iiyPp -zyPn- X;Y~X+ 22;(P2 + 2xyPx - yYky) 

= v: +& v; 1 15 1 0 
+~vp+~vF. (3.3b) 

The lepton pair partial width of the vector meson V is given by 

r= + j<Oic* J/V> I2 , (3.4) 

3mV 
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where the amplitude < 0 i E. J ; V> is evidently a linear combination of 

the matrix elements < 0 1 e. V@ (D4, D3, D2> . The only such nonvanishing 

matrix elements can be written in terms of a single form factor 

.d, = <O/E. v~/I,I,I> = <O/E. v15/15,1,1> 

= <O/E. V8115,8,1> = <O/E. V3/15,8,3> ) (3.5) 

assuming the hadron symmetry is U(4) in the equal mass limit. Although 

the physical masses are not equal, the different coupling constants that 

result when the form factor g (k’) is evaluated at k2 = m2 v for each of 

the six vector mesons are related by the Weinberg first spectral function 

sum rule. 
16 

Weinberg’s first spectral function sum rule, extended to the 16 

currents of U(4), is 

J 
dm2 2 =S6 ~YP(~,F=W,8,W, (3.6) 

m 

where PaP(m2) is the spin 1 spectral function occurring in the Kallen- 

Lehmann representation of the current propagator < 0 1 T Vz (x)V r(O)! O>. 

Saturating Eq. (3.6) with the six vector mesons p,o, o,+, $1 and 4” 

requires that the ratio g2(m$/mi be independent of the vector meson 

mass. Then independent of the o - o and 4 - 4’ mixing angles B and 0 

there are three relations among the lepton-pair widths. For model (A), 

one finds 
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rnr 
P P 

= 3(moTw+m r 
4 4 

) = + (m r 
4J li, 

+m+,T+,)=m qJ-lC1" * (3.7a) 

while for model (B) 

mr = 3(m I- 
PP WoJ 

+ n14r4) = m+r+ + m$,r+, = m+,,r+,, . (3.7b) 

In addition, in each model there are two relations depending on the 

mixing angles. In both models 

rnr 
ww 

m4r$+ 
= tan2 e, 

and in model (A) 

mFJi _ 
i 

2fi - tan@ 

mJil r+, 1+2V?tanO 

while in model (B) 

mJ+ = 
c 

A + tan 0 

m$Jp 1 - ~5 tan 0 1 

) 2 

f 

(3.8) 

(3.9a) 

2 

(3.9b) 

These results can also be obtained from the naive quark model amplitude, 

Fig. 2, using the wave functions given in Eqs. (2.3) and (3.1). 

From the experimental widths, 17 
we find 

mr 
P P 

: 3(moTw + m4r4) : f (m+r+ + m+,r+,) : m/+,, 

= 4.97 f 0.67 : 5.90 h 0.73 : 7.65 iz 1.36 : ? ivIeV2 (3.10) 
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in rather good agreement with the prediction of model (A), Eq. (3.7a). 

but in poor agreement with model (B), Eq. (3.7b). Therefore, in the 

following we shall restrict our attention to the charges of model (A), 

Eq. (3.2a). The lepton pair width of the isovector $” is predicted from 

Eq. (3.10) to be 

%I = 1.5 keV . 
(3.11) 

From the data, Eqs. (3.8) and (3.9a) imply tan0 = 0.66 *to.08 and 

tan 0 = 0.31 ;tO.OS. These empirical angles suggest the magic mixing 

hypothesis for which 

tan B = l/fi = 0.71 , (3.12) 

and 

tan 0 = i/2& = 0.35. (3.13) 

With magic mixing, CG and 6 are composed of purely nonstrange and 

strange quarks, respectively, while v and +’ transform purely as 

octet and singlet components, respectively, under the SU(3) subgroup 

whose multiplets lie in the planes normal to the direction of strangeness 

plus charm. 4 Under the usual SU(3). whose miltiplets are normal to the 

direction of charm, 4 is predominantly a singlet and $I’ is predomi- 

nately an octet component. 

For these magic mixing angles, the lepton pair widths are in 

the ratios 

mr :m I? 
PP ww 

: m6r4 : m+r+ : m+,r+, : m+,,r+,, 

: : 9:1 :2 :16 l/T 10 2/3: 9 . (3.14) 
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Experimentally, one has 17 

ml? 
;*; 

m,r In rr , 
9 1 2 ,6’1:3 : &$- : 

m+Xb,, 

9 
(3.15) 

= 0.55 f 0.07 : 0.60 f 0.14 : 0.69 l 0.05 : 0.91 * 0.11 : 0.76 * 0.21 : ? MeV2. 

The quark wave functions for the neutral vector mesons can be 

found from Eqs. (2.3) and (3.1) for the magic mixing angles of Eq. (3.12) 

and (3.13): 

I PO> 

O> 

I$> 

I+> 

~ b/l’> 

;/P> 

= (PP - nn)lJZ (3.16a) 

= (PP + n.n)/fi (3.16b) 

=fi (3.16~) 

= (XF + yy + 2 ZZ)/& (3.lbd) 

= (xii + yy - zZ)/d- (3.16e) 

= (XZ - yj?IdT . (3.16f) 

In the naive quark model, these neutral vector meson wave functions 

lead to two mass formulas; the well-known relation 

(0.783 GeV)’ , (3.17) 

and the new relation 

2 
= 2m2 2 

mJIll +,, - m+ = (4.19 GeV)2 , (3.18) 
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which predicts the mass of the I = 1 vector meson whose neutral com- 

ponent is presumably one of the peaks seen in the recent SPEAR data. 18 

We can extend these naive quark model arguments to the strange 

and charmed 3Si q?j ground states that occur in the product 6 x 6, 

and calculate the masses of all the 36 vector mesons in the SU(4) six 

quark model. There are two charm 0, strangeness +1 isodoublets K 
::I 

and KS and their masses are 
C 

2 m .>=- 
Kc‘ 

: (mi + mt,) = (3.40 GeV)2 . (3.20) 

The K* mass agrees well with the observed value, mK* = 0.892 GeV, 

and Eq. (3.20) is a prediction. 

The singlet c 
*+ ,;: ++ :::+ e. 

and triplet + , T , T vector mesons 

have C = 1, S = 0 and their masses are 

2 2 1 2 mc;, = mT ;:: = z (mP 
2 

+ m+ ,,) = (2.99 GeV)2 . 

There are two C = 1, S = -1 vector meson doublets c’l’+, 5:” and 
i:+ 

5 I LLiZO with masses 

,520 = rnt;: = $ (mi + mi + rni + m$) = (2.49 GeV)2 . 

(3.21) 

(3.22) 

Lastly, the mass of the C = + 1, S = -2 singlet vector meson 0 
“0 

is 
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2 
+m@+m, 

2+mi, -m”-rni,, 
dl P 

) z (1.87 GeV12 . (3. 23) 

Observe that T”, L”‘, Q+ which belong to an SU(3) 6 are equally spaced 

and their splitting is equal to that of G’ and 5” which belong to an SU(3) 3. 

Altogether, nine mass formulas have been obtained, three of which 

can be compared with existing data, and the agreement is excellent. 

The other six relations predict the masses of the strange and charmed 

vector mesons that remain to be discovered. The resulting vector meson 

mass spectrum is shown in Fig. 3. 

In the other six quark models the vector meson spectrum is similar 

although the quantum numbers of the vector mesons differ due to different 

quark quantum numbers. For example, in Barnett’s model6 the C = i 

states form an SU(3) 1 + 8, while in the vector model 9 - 12 
the C = 1 

- - - 
states transform like 3 + 3 + 3, and for Harari’s SU(6 ) model7 they belong 

to 5 + 6 as in our SU(4) model. 5 The exact masses will differ due to 

different mixing, and the lepton pair widths will depend on the quark charges. 

All the six quark models having Harari’s charges, Eq. (3. 2b), disagree 

with the observed lepton pair widths of the new vector mesons. 

IV. PSEUDOSCALAR MESONS MASSES AND MIXING ANGLES 

The rather large masses of the ~(549) and n’(958) relative to the 

pion and kaon masses suggest that the isospin singlet mesons may contain 

an admixture of heavy quarks, 19 On the other hand, the very small mass 

of the pion suggests that it is composed of purely light quarks. These 
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observations suggest that the SU(3) singlets contained in the SU(4) 

muitiplets 1 and 15 are not ideally mixed in the case of the pseudoscalars 

(0: ?’ n/4) although the octets in the 15 and 20 are ideally mixed 

(4: = n/4). With 0: = 0, 0: = a/4, but arbitrary singlet-octet mixing 

angles 6 and 0, the quark wave functions of the neutral C = 0 pseudoscalar 

mesons can be written 

To> = (pp-nn)/fi 

IV> = -,-OS Q (pP+nn- Zxx)lfi 

f sine (cos 4 .+ sin 4) (pp + nK + AS; )/fi 

f sin 8 (cos $ - sin 4)(xX f Yy + zZ)lG 

nt > = cos Q (cos 4 + sin 0) (pp + nZ + XX )/a 

+ cos 13 (120s 4 - sin 4) (xX + Yy + zZ)/fi 

+ sin O (pp + G - 2XX )/K 

I1C’ 
= cos 0 (XX + yy- - 2 zZ,l~ 

+sinO(sin$-c0.S 0)(pP+G+XX)I@ 

+ sin 0 (sin 0 + COS 0) (G + Yy + Zg)/G 

I ‘1,” = cos 0 (sin 0 - COS 0) (pp + G +Xx )/fi 

+ cos 0 (sin 0 + cos 0) (XX + Yy + sZ)lVX 

- sin 0 (xX + yy - 2 zZ)/ G 

(4. ia) 

(4. lb) 

(4. ic ) 

(4. Id) 

(4. le) 
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(4. If 1 

Note that with the singlet-octet mixing angle 6 small, so that n is 

nearly a pure octet component, the heavy quarks can contribute 

significantly to n’ if 4 is sufficiently different from v/4 with the result 

that the n - n’ mass splitting can be made rather large as observed. 

It is a straightforward matter to explicitly write out the quark wave 

functions of the strange and charmed pseudoscalar mesons as was done 

for the vector mesons (Sec. III). One then obtains the following 6 mass 

formulas independent of the mixing angles: 

mt = mf = +(mzt,t ), 
c 

(4.2) 

mz, 
2 

=m =;i 5 
‘(mi+m,’ +rni +m2 ) 

C ‘ICI 

= - i(m4+mg2) 

= - :(rni+mi ). (4.3) 
c 

With 4 independent quark masses (m = mn, mX’ m = m 
P x Y’ 

ms 1 and 

13 pseudoscalar meson masses, one obtains 3 additional relations 

which involve the 3 underdetermined angles 4. 0 and 0. We choose 

to write 

4 ( m2 + rni) - Cm,2 +m2J - 3(m 
2 

5 
+m 

sin24 = n 

4m2-mgZ -2mk-m2 
(4.4) :- 

5 TI 
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= fcos20 (4m 
2 

K 
- 1-0,:) + $sin 0 cos B (cos $ + sin $l(rnjj - m;, 

+$sin20 (cos o+sin e12(2mi +1112) ii 

+ $ sin20 (cos e - sin ej2(8 m2 - 2,: - 2,; 
2 

E - mT) , (4.5) 

and 

+zsin Ocos O(cos$+sine)(2m2 - 2m 5 ~+n+n~, 

+ 2 sin’@ (cos 4 - sin4 j2( 2,: +11121 
TI 

+ i sin’@ (cos 4 + sin 4 j2(8 m2 - 2,: 
5 

- 2,; - m;, (4.6) 

In the following, it will prove convenient to select a set of values 

for the masses of the charmed pseudoscalars B, 5 and 5. The light- 

heavy quark mixing in the unitarity singlet is then determined in terms 

of e by Eq. (4. 4). From Eq. (4. 5) one can then compute the singlet- 

octet mixing angle 0 for the light pseudoscalars n and n’ . By choice 

of the singlet-octet mixing angle Ofor the heavy pseudoscalars all the 

remaining masses are determined. 

To illustrate various possibilities for the mass spectrum, consistent 

with what is known at present, we shall give three numerical examples. 
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In each case the masses of the established pseudoscalar nonet ~(135), 

K(496), n (549) and n’ (958) are input. We further require that 

m =m > m 
0 T 5 5 

= m > me corresponding to the strangeness +1 quark z 

being lighter than the nonstrange quark doublet (x, y), in agreement with 

the vector meson mass spectrum. 

In addition, we impose the following conditions. Since +’ (3. 7) 

is quite narrow we require that m > i. 85 GeV to prohibit the strong decay 

4’ -O+S. On the other hand the charmed mesons must not be too 

heavy if we are to identify at least some of the structure in R observed 

at SPEAR 18 beginning about 4 GeV with charmed meson pair production. 

We have also chosen examples to present for which one of the new I = 0 

pseudoscalars, either n, or n’ , has a mass of about 2.75 GeV as 
C 

suggested by experiments at DESY. 
20 

Finally, in all examples, we have 

assumed the singlet-octet mixing among the heavy quarks is magic 

so that 

0 = arctan (i/d2)- 35.3’ (4.7) 

In Table I we present the resulting masses and mixing angles for three 

examples consistent with the above thinking. The choice of ideal mixing 

angle 0 in Eq. (4,7) tends to maximize the separation between the n, 

and n’ c masses since the n ’ is composed of mostly z quarks, while the 
C 

nc contains primarily the heavier x and y quarks. In each example 

either n C or q’ c is around 2.75 GeV while the other one occurs either 
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(a) below 2. 75 GeV, (b) in the 3. 5 GeV region among the P-states, 21 

or (c) higher still at 4. 5 GeV. The mass spectra are presented in Figs. 

4a, 4b and 4c to illustrate the implications of Eqs. (4. 2) - (4,3). 

In case (a) the charmed mesons 13, 5, 5, 7 and o lie very close 

together and all can be pair produced in the 4 - 5 GeV region at SPEAR. 

In cases (b) and (c), only the .9 meson can be pair produced near the $I”. 

For each case, the singlet-octet mixing angle (3 for the light mesons 

is small (-3’) which implies the n is mostly an octet member while the 

n’ is mostly a singlet. 22 

The light-heavy quark mixing in the SU(3) singlet states, on the 

other hand, is substantial as $ departs significantly from 45’ (up to 15~). 

Note that as the mass of n, increases, a smaller amount of light-heavy 

quark mixing is required to produce the 400 MeV separation between the 

n and n’ masses. Since n remains nearly a pure octet member, only 

the singlet n’ contains an appreciable heavy quark admixture. This will 

have a significant effect on radiative decay widths as discussed in the 

next section. 

In cases (a) and (b), the pseudoscalar masses are generally lighter 

than the vector masses found above in Sec. III. For case (c ), however, 

the pseudoscalars are generally heavier than their vector counterparts. 

As will become apparent in Sec. V, the radiative transitions P *y + y 

and V - P + y are quite different in the three cases and serve to test 

critically the six quark models discussed here. 
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V. RADIATIVE DECAYS 

In the preceding sections the quark wave functions and masses of 

the pseudoscalar and vector mesons have been discussed. In the con- 

text of the SU(4) six quark model5 we next discuss the radiative decays 

of these mesons. 

In the naive quark model the decays of the pseudoscalar mesons 

into two photons proceed as shown in Fig. 5. The decay amplitudes, up 

to an overall normalization, can be readily calculated from the quark wave 

functions of the pseudoscalar mesons and the quark charges. Including 

the phase space corrections the partial widths are given by 

T(P - y+y) = [A(P-y+y)[2*i (5. i) 

where A(P - y f y) is the amplitude given by the naive quark model. 

In Table II we present the partial widths calculated for the same 

three examples of pseudoscalar mass spectra considered in Sec. IV. 

The experimental value I7 for the partial width l?(rr’ - y + y) = 7.8 eV 

has been used to determine the absolute rates. There is very little 

difference in value obtained for the partial width I( n - y + v) in the three 

examples and the standard SU(3) calculation 23 since the n remains nearly 

a pure octet mixture of the light quarks p, n, A in each case. However, 

in the case of ~‘(958) there is a significant amount of the heavy quarks, 

x, y, z., admixed with the approximately pure SU(3) singlet combination 

of light quarks. In the three examples I (n’ - y + v) decreases towards 

the SU(3) quark model value as the masses of n, and nr, increase so as 
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to cause the light-heavy mixing angle $I to approach the ideal value 

o = rr/ 4. In any event the agreement with the experimental value is 

reasonably good in all cases and as a result the experimental value of 

their partial width does not distinguish between the three cases. 

The partial widths of the heavy pseudoscalars nc. q’ and nc are 
C 

generally quite large compared to the n, 17’ and TT widths. This is due 

primarily to the dramatic increase in phase space, but in addition the 

large widths reflect the large magnitude of the y quark electric charge 

Q, = - 413, especially the n, and TIN widths. 

We identify the possible state Pc reported by DESY 20 
at about 

2.75 GeV with the heavy I = 0 pseudoscalar meson at that mass. In 

case (a) n, has a mass of 2.76 GeV and the rather large partial width 

rb7 C 
-vy) = 1500 keV arises because n c is approximately composed of 

only x, y quarks and 
%=- 

4/ 3 is large. However, in cases (b) and (c) 

it is n’ C whose mass is close to 2.75 GeV and since n’c is approximately 

composed of only z quarks and Q, = - I/ 3 the resulting partial width is 

considerably smaller. 

Unfortunately there is no experimental value available at present 

for the partial width for Pc(2. 8) -y + y; nor are there any candidates 

for the second heavy isoscalar or the heavy isovector. Such data would 

not only provide a basis for distinguishing between the four and six quark 

models but also would differentiate between the various six quark variations. 
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In the naive quark model the radiative decays of the 3Si qs vector 

mesons into the 1 So q?j pseudoscalar meson states with the emission 

of a photon is an M1 quark spin-flip transition. The process is shown in 

Fig. 6. The partial decay width is given by 

2 2 
r(V-pp~) = [A(v-P+~)[ (m V (5.2) 

where the amplitudes A(V - P + y) can be calculated using the quark 

wave function as indicated in Fig. 6. The M1 transition operator depends 

inversely on the quark mass and we have attempted to include corrections 

for the vastly different effective quark masses in the various decays 

by taking the M1 amplitude A(V - P + y) proportional to (mv + mp)-’ 

in each decay V - P + y. This means of taking into account mass 

differences is crude but nevertheless is in the spirit of the naive quark 

calculations. 

In Table III we give the resulting partial widths for the radiative 

decays V + P + y for the three examples of possible pseudoscalar mass 

spectra discussed above. The vector meson quark wave functions found 

in Sec. III were used. The experimental rate 
17 

I?( o -TO i- y) = 870 KeV 

was taken to fix the overall normalization. In the last column of Table 

III the experimental data are given for comparison, where available. 

It is evident that in the case of transitions involving only the old mesons 

the results are essentially the same as the predictions of the standard 

SU(3) quark model. 
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For the decays of the new vector mesons the calculated partial 

widths are generally too large, just as in the case of the standard four quark 

SU(4) model. 
24 

The rates for the decays ~JJ ~+ n’ + y and b’ - n’ + v are 

particularly large owing to the substantial admixture of heavy quark in the 

n’required to increase its mass up to 958 MeV from the SU(3) singlet 

mass of (2mi + mz)/3 = (413 MeV)‘. This seems to be an unavoidable 

consequence of assuming the large n’ mass is solely due to a heavy quark 

admixture and occurs in the standard four quark model, also. 
19 We note, 

however, that the calculated rates have been overestimated in these simple 

quark model estimates since a perfect overlap of initial and final wave 

functions has been assumed. Correcting for the more realistic imperfect 

overlap would result in a large reduction of the calculated widths for 

transitions between the new vector mesons and the old pseudoscalar mesons 

since the energy difference is so large. 

In Table IV we give the partial widths for the interesting radiative 

decays P + V + y that are energetically allowed. The general features 

are similar to the V - P + y decays already discussed. 

While these naive calculations should not be taken too seriously the 

relative magnitudes of the partial widths for processes involving similar 

masses are probably significant. For example, from Table III it is seen 

that the pseudoscalar around 2.75 GeV is fed much more readily by the 

~(3.1) than the $‘(3.7) in all three examples in agreement with the data. 
20 
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Although it is probably not worthwhile improving the radiative decay 

rate calculations at this point, we emphasize that these rates are very 

sensitive to the mixing angles and thus provide an excellent means to 

determine phenomenologically the quark compositions of the pseudoscalar 

mesons. 

VI. ORBITAL AND RADIAL EXCITATIONS 

In addition to the quark-antiquark ground states, of course, one 

expects both orbital and radial excitations in all the six quark models 

just as in the standard SU(4) four quark model. 
13 

In particular, there 

should be 6 x 6 mesons having spin-parity-charge conjugation 

J TV2 = 1+-, O++, I++, 2++ corresponding to the quark-antiquark ‘Pi, 

3P0. 3P 
1’ and 3P2 states, respectively. Presumably some of these 

have been seen 21 m the energy region between +(3. 1) and $’ (3. 7) which 

are the il= 1 levels of the +(3. 1) combination of quarks in the six quark 

models. Above the j1’(3. 7) and +“(4. 1) one also expects to find P-states 

corresponding to the Y. = 1 excitations of the quarks that make up the 

+‘(3.7)and$“(4.1). We emphasize that these latter states are radial 

ground states in the six quark model whereas in the four quark model 

such P-states would also be radial excitations. (Recall that in the standard 

model $13.7) and $ (4. 1) are the first and second radial excitations of 

4c3.1) while all three are 3Si orbital ground states. ) 
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The spectroscopy is somewhat complicated by the fact that the orbital 

excitation energies are smaller than the SU(4) mass splittings. That is, 

the orbital excitations of $ (3. i 1 lie lower than the $‘(3.7 1 and 4” (4...i ). 

members of the ground state multiplet. However, the spin-orbit splittings 

seem to be quite small. 

In general the P-states are expected to decay radiatively into the 

quark ground states. The decay can proceed via electric dipole emission 

and the signature is a monoenergetic photon. 

The radially excited states in the six quark SU(4) model are expected 

to occur at excitation energies somewhat larger than the orbital 

excitations. All the six quark models predict 6 x 6 pseudoscalar and 

vector mesons which are the radial excitations of the ‘So and 3S 
1 

orbital ground states. Although there is at present no firm evidence 

for these states, the 3Si states should be seen in e’e- annihilation perhaps 

as weaker and broader peaks much like the p(i600) which is presumably 

the first radial excitation of the ~(770). Possibly the broad structurei’ 

appearing just above 4GeV in e+e- annihilation is due in part to radially 

excited 3Si quark states. 

VII. SUMMARY 

We have investigated phenomenological six quark models based on 

SU(4) in some detail with the purpose of determining the spectra, masses 

and electromagnetic decay widths of the new heavy vector and pseudoscalar. 

mesons in such schemes. SU(4) six quark models have the attractive 
I? W__~ 
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feature that while three new heavy quarks are introduced, only one new 

quantum number, charm, is required. Such models are therefore interesting 

to consider as potential alternatives to the admittedly attractive standard 

SU(4) four quark model and should be tested experimentally. 

The most unequivocal test of all six quark models lies in their predicted 

multiplet structure for the charmed and heavy uncharmed particles. In 

particular, in the framework of our SU(4) model as well as in Harari’s 

SU(6) model, the C = 0 members belong to two sets of 1 + 8, while the 

C = it-i) members belong to 6 +? (z + 3) SU(3) multiplets. In other 

proposed six quark models, the C = +i mesons belong to either 1 + 8 or 

5+T+T For the situation of interest to us here where all three heavy 

quarks are assumed to be excited at SPEAR energies, the +” (4. i) must 

be an isospin triplet while the lightest charmed mesons (0 and Of) in the 

SU(4) scheme are isospin singlets. In contrast, the standard SU(4) four 

quark model places the C = 0 mesons into 1 + i + 8 multiplets and the 

C = 1(-i) members into j(3) SU(3) multiplets. Although the multiplet 

structure is simpler in this model, the lightest mesons (D and D*) are 

isospin doublets. 

In the standard charm model, above charm pair thresholds the ratio 

R in e+e- annihilation should approach iO/ 3 in the absence of heavy lepton 

production. On the other hand, in the six quark SU(4) models, it should 

reach 5 with Harari’s choice of charges and 8 for the charge assignment ~_ 

proposed by us. Other charge assignments are more exotic and lead to L 

still higher values of R. Unfortunately, it is not clear just how far above 

charm threshold the value of R should reach its asymptotic value. At 
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present the largest non-resonant value of R reached at SPEAR is about 5. 

This, however, probably includes the contribution from a heavy lepton, so 

the standard model R prediction appears to be in better agreement than any 

of the six quark models. Certainly unless R increases at not too much 

higher energies and approaches 8, our SU(4) six quark model must be 

abandoned. 

The masses of the 6 x 6 vector mesons which are 3Si qq ground 

states in the SU(4) quark model have been calculated and are given in 

Fig. 3. A charm C = 0 isovector state ji” is predicted at about 4. 2 GeV 

and its lepton pair width was found to be about 1. 5 keV. Based on experience 

with analogous calculations in SU(3) this prediction should be reasonably 

firm and therefore poses a real challenge for the model. Comparing the 

lepton pair widths of the known vector mesons p. w, 6, 4’ and JI” with the 

data distinctly favors the electric charge assignment 213, -213. -I/ 3, 

-113, -it 3, -4/3 for the quarks tp, n, X, a, x, y) over the alternative 

(213, -i/3, -f/3, 2/3, 213, -f/3) although at present energies R is in 

better agreement with the latter. 25 

The masses and partial widths of the heavy pseudoscalar mesons are 

somewhat ambiguous since multiplet mixing occurs due to symmetry breakdown. 

Three possibilities, each consistent with present information, for the 

mass spectrum of the 6 x 6 
1 

So quark-antiquark ground states have been 
-- ~__ ~~~~~ 

given (Figs. 4a, 4b, and 4c) to illustrate the features of the pseudoscalar 

masses expected in the SU(4) six quark model. : 

The partial widths have been given for the electromagnetic decays 
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P- y + y (Table III, V - P + y (Table III) and P + V + y (Table IV) based 

on the predicted vector meson spectrum (Fig. 3) for all three examples 

of pseudoscalar masses (Figs. 4a, 4b, and 4~). The radiative widths 

for the V * P + y and P + V + y decay modes are somewhat less reliable 

than the lepton pair widths of the vector mesons calculated with Weinberg’s 

first spectral function sum rule. However, relative magnitudes probably 

give a reasonably good indication of which decay channels should have the 

largest branching ratios and therefore restrict the model but are not very 

sensitive tests. The P - y + y widths are the least reliable of all just as 

in the case for the analogous SU(3) calculations. 
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Note added: Since this investigation was completed, recent data from SPEAR 

indicate the appearance of two narrow peaks at 1.865 GeV and 1.87 GeV 

in the (K-rr+ and K-rr+n+rr-) and (K-rr+n+) channels, respectively. It is 

tempting to interpret these two states to be isospin doublet partners Do 

and D+ in the standard four quark charm model. These closely-spaced 

peaks cannot be understood in the framework of the six quark SU(4) models 

if they are indeed the lightest charmed mesons, since the lowest-lying 

member should be an isospin singlet. 
- .-- 
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Meson Mass 1 (a) 

0 (input) 1.90 GeV/c’ 

5 = 5 (input) 1.96 

i---L 7 =o 2.01 

Ti Ti 2. 2. 84 84 
c c 

KC KC 2. 2. 72 72 

t7C t7C 2. 2. 76 76 

rl:: rl:: 2. 54 2. 54 

Mixing Angle Mixing Angle (a) (a) 
I I 

@ (input 1 35.3O 

(b) cc ) 

2.00 GeV/ c2 1.85 GeV/c’ 

2.30 2. 70 

2.57 3.34 

3.63 4. 72 

3.21 3.79 

3.49 4.48 

2. 78 2.79 

(b) Cc) 

35.3O 35.3O 

-3.1 -3.0 

30.2 33.3 

TABLE I. Pseudoscalar mass spectra 
and mixing angles for illustrative cases 

discussed in Sec. IV. 



-33- FERMILAB-Pub-761 27-TKY 

Decay (a) (b) %. i :(c) r” ~-- rExperiment 

= -YY ^. 0.0078 keV 0. Ouzs~V 0,@07Sk&W O.~U%8+kC~$@fj9 

17- w 0.291 0,278 0.268 0.329 * 0.096 

1)' 'YY 25.9 .2X8 ia.6 

tld 'YY 165. 250. 280. 

'1, --YY 1500. 3160. 6&r?;, 

II C -yy iaio. 3780. 8340. 

TABLEII. P y y +-ypartial widths. 
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- PcY 1.91 ----- ----- 

4’ + ny 1. 01 0.647 0.415 

- R’Y 242. 162. 107. 

- rl;v 0.931 0.702 0.857 

- rl,Y 325. 3.42 ----- 

- TcY 88.3 0.033 ----_ 

.*+ 
- ‘C K;Y 910. 19.9 ----- 

;1;0+ 0 
Kc y 196. 3.19 --- 

TABLE III. V - P + y partial widths. 
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. . 

Decay (a) b) (c) 

TJ;- PY 

-WY 

‘dv 

‘1, + PY 

+ WY 

+h 

++Y 

- $5 

ire+ 4-f 

- 4J’Y 

K,’ + KFy 

K; - KFy 

79.6 keV 

8.{68 

12.0 

47.2 

5.17 

7.52 

--mm- 

_--__ 

----- 

----- 

----- 

---__ 

53.4 keV 

5.82 

8.07 

31.7 

3.47 

5.04 

23.7 

----- 

35.1 

----- 

----- 

----- 

35.3 

3.85 

5.34 

21.0 

2. 29 

3.34 

572. 

455. 

535. 

299. 

LOOO. 

641. 

TABLE IV. P + V + y partial widths. 
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Fig. 1: 

Fig. 2: 

Fig. 3: 

Fig. 4 a, b, c: 

Fig. 5: 

Fig. 6: 

FIGURE CAPTIONS 

The six-dimensional quark representation (0, 1, 0) 

of SU(4)/ Z(2). 

Quark diagram for vector meson decay into a 

lepton pair. 

Vector meson mass spectrum predicted in the SIJ(4) 

six-quark model with magic mixing. 

Pseudoscalar meson mass spectrum predicted in 

the SU(4) six-quark model for cases (a), Ib) and 

(c 1 respectively. 

Quark diagram for the y + y decay made of a 

pseudoscaiar meson. 

Quark diagram for the radiative decay of a vector 

meson into a pseudoscalar meson. 
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